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Summary
Objective: Understanding the mechanical functions of speciﬁc cartilage molecules such as aggrecan is important for understanding both
healthy cartilage and disease progression. Cartilage is primarily composed of chondrocytes and an extracellular matrix consisting of multiple
biopolymers, ions, and water. Aggrecan is one matrix biopolymer which consists of a core protein and multiple anionic glycosaminoglycans.
Previous research has demonstrated that the stiffness of extracted aggrecan decreases under increased solution cation concentration, and
the purpose of this study was to determine whether changes in solution ion concentration resulted in changes in tissue-level viscoelastic
properties.
Methods: Middle-zone explants of bovine calf patellofemoral cartilage were harvested and cultured overnight before mechanical testing. Re-
peated stresserelaxation and cyclical loading tests were performed after equilibration in solutions of 0.15 M and 1 M NaCl and 0.075 M and
0.5 M CaCl2. A stretched exponential model was ﬁt to the stresserelaxation data. Storage and loss moduli were determined from the cyclical
loading data.
Results: Changes in ionic strength and species affected both stresserelaxation and cyclical loading of cartilage. Stresserelaxation was faster
under higher ionic strength. CaCl2 concentration increases resulted in decreased peak stress, while NaCl increases resulted in decreased
equilibrium stress. Storage and loss moduli were affected differently by NaCl and CaCl2.
Conclusions: These results show that cartilage stresserelaxation proceeds faster under higher concentrations of solution cations, consistent
with the theory of polymer dynamics. These data demonstrate the complexity of cartilage mechanical properties and suggest that aggrecan
stiffness may be important in tissue-level cartilage viscoelastic properties.
ª 2008 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Cartilage is the load-bearing surface that transmits com-
pressive joint force during articulation. Aside from providing
a low-friction surface for articulation, in vivo research has
shown that articular cartilage deforms during articulation1.
This deformation provides increased contact area which
(1) decreases joint contact pressure and (2) provides stabil-
ity during articulation. Because in vivo cartilage loading in-
volves deformation, understanding the speciﬁc molecular
contributions toward cartilage mechanical properties is
important for understanding cartilage function.
Understanding the molecular origins of cartilage mechan-
ical properties is also important for understanding degener-
ative cartilage diseases such as osteoarthritis. Animal
models have shown that tissue-level mechanical behavior
changes during osteoarthritis: in ACL transaction models,
the complex shear and equilibrium aggregate moduli de-
crease with cartilage degeneration2,3. Understanding the*Address correspondence and reprint requests to: Ronald K.
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669molecular basis of the mechanical property degradation
may provide therapeutic strategies and novel targets for os-
teoarthritis. This study used changes in solution ionic
strength and species to investigate tissue-level cartilage
viscoelastic properties.
The relative contributions of speciﬁc cartilage extracellu-
lar matrix molecules toward tissue-level mechanical proper-
ties are not sufﬁciently understood, and the purpose of this
study is to investigate changes in cartilage viscoelastic
properties caused by different ionic species and ionic
strength solutions as a step toward understanding the role
of aggrecan in cartilage material properties at the tissue-
level. Recent studies have demonstrated that the stiffness
and length of extracted aggrecan molecules decrease
with increases in sodium ion concentration (Fig. 1)4,5. Addi-
tionally, intermolecular friction between aggrecan molecules
increases with positive ion concentration6. However, ques-
tions remain as to how the solution ion concentration affects
the tissue-level viscoelastic properties of cartilage.
A novel model for cartilage is based on the theory of poly-
mer dynamics7,8. With respect to cartilage, polymer dynam-
ics is deﬁned as the motions and interactions of entangled
polymers such as those of the cartilage extracellular matrix.
The cartilage extracellular matrix is composed primarily of
collagen and the proteoglycan aggregate9,10, which are
both polymers. As the cartilage extracellular matrix is
Low solution cation concentration
-longer
-stiffer
High solution cation concentration
-shorter
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Fig. 1. Aggrecan conformation change under increased cation concentration. Top: aggrecan is stiff under low cation concentration. Bottom:
aggrecan is more compliant with decreased length under high cation concentration. Previous research has shown that increased cation con-
centration results in decreases in aggrecan stiffness4 and increases intermolecular aggrecan friction6.
670 R. K. June et al.: Cations and cartilage stresserelaxationcomposed of polymers, polymer dynamics theory may be
useful for studying the speciﬁc roles of cartilage matrix poly-
mers in determining tissue-level mechanical properties.
Polymer dynamics theory predicts that stresserelaxation
will proceed fasterwith shorter,more compliant (e.g., less stiff)
molecules11: the greater mobility associated with increased
compliance allows a faster equilibration to the applied defor-
mation. Based on the known decrease in aggrecan stiffness
with increased cation concentration and the polymer dynam-
ics prediction of faster stresserelaxation with more compliant
molecules, we hypothesized that (1) stresserelaxation would
proceed faster and (2) tissue stiffness would decrease for
cartilage samples under increased ion concentration. The
objective of this study was to determine how changes in solu-
tion ion concentration affect tissue-level stresserelaxation
and cyclical loading of articular cartilage.Methods
Cartilage samples (diameter: 3.39 0.01 mm) were aseptically harvested
from bovine stiﬂe joints and maintained in tissue culture for 4 or 5 days prior
to mechanical testing. Explants were harvested from a predetermined loca-
tion midway between the proximal and distal ends on the medial aspect of
the patellofemoral groove and placed in Dulbecco’s Modiﬁed Eagle’s Me-
dium (DMEM) containing antibiotics. The surface and deep zones were re-
moved leaving middle-zone explants of a standard height (3.91 0.03)12,
which were rinsed three times with DMEM and antibiotics and incubated in
12-well plates with 4 mL of chemically deﬁned culture medium at 37C in
5% CO2. The chemically deﬁned medium contained 0.1% bovine serum al-
bumin (BSA), insulin, transferrin, selenium (ITS) (1 mg/mL, 0.55 mg/mL, and
0.67 mg/mL, respectively), 50 mg/mL L-ascorbic-acid-2-phosphate, 100 U/mL
penicillin, and 100 mg/mL streptomycin. Medium was changed after 2 days in
culture, and samples were tested after 5 days in culture.
To determine the effects of solution cation concentration on cartilage vis-
coelastic properties, samples were removed from culture medium, equili-
brated in a low-strength ionic solution for 45 min, mechanically tested,
equilibrated in a high-strength ionic solution for 45 min, and mechanically
tested again. Low-strength ionic solutions were composed of 0.15 M NaCl
and 0.075 M CaCl2. High-strength ionic solutions were 1 M NaCl and
0.5 M CaCl2. (Note that the solution strengths were chosen to provide equiv-
alent charge concentrations between cations.) Eight samples were tested for
each cation species. The length of equilibration was selected from a prelimi-
nary study where samples were equilibrated for 1 h in low ionic strength so-
lutions, placed in the mechanical testing system under a small prestress, and
then exposed to a high-strength ionic solution. The results showed that, at
a 99% conﬁdence level, the slope of the last minute of the stressetime curve
was undetectable after 45 min, suggesting that concentration-gradient-driven
diffusion of the high-strength ionic solution was complete.
Four groups of control samples were utilized to assess changes in me-
chanical properties during the experiment. The ﬁrst group (NaLL, n¼ 4 sam-
ples) consisted of samples equilibrated in low-strength NaCl, mechanically
tested, returned to low-strength NaCl for 45 min, and mechanically testeda second time. The second control group (NaHH, n¼ 4) consisted of sam-
ples equilibrated in high-strength NaCl, mechanically tested, returned to
high-strength NaCl a second time for 45 min, and mechanically tested again.
The third (CaLL, n¼ 5) and fourth (CaHH, n¼ 6) control groups consisted of
similar treatments, but with low and high-strength CaCl2 as the solutions.
To determine whether these changes in solution ion concentration af-
fected the sample water content, separate samples (n¼ 10) from each group
(NaLL, NaLH, NaHH, CaLL, CaLH, and CaHH) were blotted dry and weighed
on a balance (0.1 mg, Mettler-Toledo, AB-104s, Columbus, OH) after equil-
ibration in each solution.
Viscoelastic mechanical testing consisted of unconﬁned compression
stresserelaxation followed by cyclical loading using an Enduratec ELF
3200 uniaxial testing system. The sample diameter was measured before
testing using digital calipers. Samples were placed between polished stain-
less steel loading platens in a heated testing chamber. The top platen was
lowered at 50 mm/s until a 60 kPa prestress (actual prestress:
60.5 0.125 kPa) was reached, and this prestress was allowed to relax for
4 min during which time the bath was ﬁlled with warmed solution and temper-
ature control was initiated. The initial specimen height was deﬁned as the
height at which the preload was achieved. Samples were tested in the solu-
tions which they were immersed in immediately prior to mechanical testing.
For example, CaLH samples were tested ﬁrst in 0.075 M CaCl2 and second
in 0.5 M CaCl2, and CaHH samples were tested twice in 0.5 M CaCl2.
Stresserelaxation tests were performed using 5% compression with
a rapid platen displacement rate of 10 mm/s. Small-amplitude cyclical strains
(w0.5%) were applied at frequencies of 0.01, 0.1, 1, 10, and 20 Hz after
300 s of relaxation. For stresserelaxation, data were collected at 180 Hz,
and for cyclical loading sampling occurred at a minimum of 20 times the load-
ing frequency. Apparent stresses were calculated by dividing the compres-
sive force by the sample cross-sectional area measured immediately prior
to the mechanical test.
Stresserelaxation parameters were determined by ﬁtting a stretched
exponential model11,13,14 to the cartilage stresserelaxation data (Eq. (1)):
s¼ speak  seqeðttÞb þ seq ð1Þ
speak and seq represent the peak and equilibrium stress which were deﬁned
by the experimental data. Note that the existence of seq in the model implic-
itly models stress resulting from an elastic component of cartilage such as
the cross-linked collagen. t is the stresserelaxation time constant, related
to the physical characteristics (e.g., temperature, polymer length, and con-
centration) of the system. Polymer dynamics theory predicts that t will de-
crease upon decreases in polymer stiffness11. b is the stretching
parameter, related to the speciﬁc type of polymer motion (e.g., Rouse or Re-
ptation). Polymer theory predicts that b will decrease when the entangled
polymer length increases13. This model represents stresserelaxation of poly-
disperse polymer systems such as cartilage13,15. t and b were determined
using nonlinear optimization to minimize the weighted square residuals be-
tween the model and the data. In addition to t and b, a model-independent
parameter,bD , was used to quantify stresserelaxation [Eq. (2), Fig. 2(a)].
bD ¼ Z
T
t¼0
sðtÞ
speak
dt  seq
speak
T ð2Þ
Above, t¼ 0 references the time at which the peak stress was reached, T is
the maximum time of the experiment (300 s for these experiments), and s(t)
is the stresserelaxation function.
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Fig. 2. Model-independent measure bD and representative stresse
relaxation data. (a) The value bD is calculated as the total area
(shaded region) between the normalized stresserelaxation data
and the equilibrium stress, which is represented by the horizontal
l ine in the ﬁgure. bD is a model- independent measure of
stresserelaxation analogous to a time constant. (b) ﬁrst test in
0.15 M and second test in 1 M NaCl. Under higher NaCl concentra-
tion the peak stress increased and stresserelaxation proceeded
faster. R2¼ 0.94 (ﬁrst test) and 0.96 (second test). (c) ﬁrst test in
0.075 M and second test in 0.5 M CaCl2. Under higher CaCl2
concentration, the peak stress decreased and stresserelaxation
proceeded faster. R2¼ 0.89 (ﬁrst test) and 0.84 (second test).
671Osteoarthritis and Cartilage Vol. 17, No. 5Cyclical loading experiments were analyzed by ﬁnding the phase lag of
the stress compared to the strain. Storage and loss moduli were calculated
as the in-phase and out-of-phase amplitude ratios of stress to strain, respec-
tively. For frequencies greater than 0.1 Hz, we observed nonlinear cyclical
behavior demonstrated by time-variant stresseresponses during the ﬁrst
few loading cycles. In these cases, cyclical loading parameters were deter-
mined from the steady-state portion of the data.Statistical analyses used paired t tests to determine the effects of re-
peated testing in the various experimental groups. For the cases where
the repeated low-strength groups (LL) showed signiﬁcant effects, the effects
of changing ionic strength were compared with the lowelow effects using
Wilcoxon Rank-sum tests for non-parametric comparison of the median ra-
tios of the ﬁrst to the second value (e.g., comparison between the control
(LL) and treatment (LH) groups using the ratios between the initial and ﬁnal
mechanical properties). The signiﬁcance level was set a priori at 0.05. Qual-
ity of stretched exponential model ﬁts was assessed using the coefﬁcient of
determination as described previously16.
Results
Stresserelaxation proceeded faster at higher ionic con-
centration demonstrating that changes in solution ion con-
centration can change tissue-level cartilage viscoelastic
properties and consistent with a role for aggrecan stiffness
in cartilage stresserelaxation (Figs. 2(b), (c), and 3,
Table II). The stretched exponential model ﬁt the stresse
relaxation datawell (R2¼ 0.92 0.01). The dynamic stresse
relaxation properties of bD , t, and b decreased upon increase
in cation concentration for both NaCl and CaCl2 (groups
NaLH and CaLH). Decreases in bD and t in the second test
relative to the ﬁrst test for the NaLH and CaLH groups
demonstrate that stresserelaxation proceeded faster under
higher ionic concentrations for both cations (both P< 0.01).bD and t were also smaller upon second testing for the
CaHH controls (P¼ 0.04 and 0.02, respectively) but
unchanged in the CaLL controls. The stretching parameter
b was signiﬁcantly smaller for the NaLH and CaLH groups
(P¼ 0.02 and P< 0.01, respectively) and for the CaHH
group (P¼ 0.01), but not for the CaLL group. The peak and
equilibrium stress were affected differently by the different
cation species: the peak stress decreased in the CaLH group
(P¼ 0.03), while the equilibrium stress was decreased in the
NaLH group (P< 0.01). Changes in NaCl concentration (the
NaLH group) did not have signiﬁcant effects on the peak
stress and changes in CaCl2 concentration (the CaLH group)
did not have signiﬁcant effects on the equilibrium stress.
Specimen height decreased following equilibration in
higher-strength ionic solutions (NaLH: P¼ 0.03, CaLH:
P¼ 0.02, Table I). Small mass changes were observed in
all calcium groups (P 0.04, Fig. 6).
Cyclical loading results demonstrate that increases in
bathing solution NaCl concentration result in smaller stor-
age moduli at all measured frequencies, supporting the
role of aggrecan stiffness in cartilage viscoelasticity
(Fig. 4, Table III). Signiﬁcantly smaller storage moduli
were observed at all frequencies for the NaLH group (all
P< 0.01). Signiﬁcant differences were also observed in
the NaLL group at frequencies greater than 0.1 Hz. How-
ever, non-parametric statistical analysis indicated that the
NaLH decreases were greater than those observed in the
NaLL control samples (all P< 0.01). No signiﬁcant storage
modulus differences were observed in any CaCl2 groups.
The loss modulus was affected differently by sodium and
calcium (Fig. 5, Table IV). NaLH samples exhibited loss
modulus decreases at 0.01 and 0.1 Hz (both P< 0.01). At
0.01 Hz NaLL samples also exhibited smaller loss modulus
values (P¼ 0.03), but non-parametric analysis revealed
that the NaLH decreases were larger than the NaLL de-
creases (P< 0.01). Loss modulus decreases were ob-
served in the CaLH group at frequencies of 0.1 Hz and
higher (0.1 Hz: P¼ 0.04, 1e20 Hz: P< 0.01).
Discussion
The objective of this study was to determine whether
changes in solution ion concentration and valence affected
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Fig. 3. Stresserelaxation results. (a) speak, (b) seq, (c) bD, (d) t, and (e) b. * indicates signiﬁcant difference (P< 0.05) between ﬁrst and second
tests in a given group. Groups are LL (repeated low-concentration testing), LH (testing in low concentration followed by high) and HH (re-
peated high-concentration testing). The peak stress decreased upon testing in high-concentration CaCl2 (P¼ 0.03). The equilibrium stress
was signiﬁcantly smaller upon testing in high-concentration NaCl (P< 0.01). Stresserelaxation proceeded faster under higher ionic concen-
trations for both NaCl and CaCl2 as shown by smaller values of bD and t (P< 0.01). bD and t were also smaller for second tests in CaCl2
(P¼ 0.04 and 0.02, respectively.) The stretching parameter b was signiﬁcantly smaller for higher ionic concentrations of both species
(NaCl, P¼ 0.02; CaCl2, P< 0.01) and for second tests in 0.75 M CaCl2 (P¼ 0.01).
G
672 R. K. June et al.: Cations and cartilage stresserelaxationtissue-level stresserelaxation and cyclical loading of articu-
lar cartilage. Previous research has demonstrated that ag-
grecan stiffness decreases with increases in NaCl
concentration4. These data show that changes in bathing
solution cationic strength and valence cause changes in
cartilage viscoelastic properties, and in conjunction with
previous studies4 suggest that aggrecan stiffness is impor-
tant in cartilage viscoelasticity.
Two limitations of this study must be considered: ﬁrst,
changes in ionic solution may affect multiple components
of cartilage, so aggrecan-independent effects may be pres-
ent in addition to effects mediated by aggrecan. For exam-
ple, previous studies suggest that divalent calcium ions may
create sacriﬁcial bonds in bone17,18 and that intra-ﬁbrillarTable I
Height measurements prior to stresserelaxation tests. The spec-
imen height was measured after a 60 kPa preload was applied at
a displacement rate of 50 mm/s. After equilibration in a higher
ionic strength solutions, the specimen height decreased
(NaLH: *P¼ 0.03 and CaLH: #P¼ 0.02)
roup Specimen height [mm]
First test Second test
NaLL 4.10 0.15 4.12 0.18
NaLH* 4.04 0.11 3.98 0.10
NaHH 4.03 0.17 4.01 0.18
CaLL 3.92 0.08 3.91 0.08
CaLH# 3.81 0.11 3.75 0.11
CaHH 3.81 0.07 3.77 0.05water content may vary with solution ion concentration19,20.
This study is unable to differentiate between ionic-solution-
induced and other mechanical property changes if multiple
mechanisms exist (e.g., changes from both aggrecan stiff-
ness and aggrecan-independent mechanisms such as sac-
riﬁcial bonds within the collagen network or intra-ﬁbrillar
hydration). Importantly, collagen charge density is known
to change with pH21, but the solution pH was constant in
these experiments. Second, changes in stresserelaxation
due to relaxation-phase variations in the sample diameter
between experimental groups may have contributed to the
observed changes in stresserelaxation parameters. While
this study did not measure the sample diameter during re-
laxation, previous research22 has found that the specimen
radius decreases by about 1.3% during stresserelaxation
under 5% compression, whereas the presently observed
changes in t were 67% and 51% for the NaLH and CaLH
groups, respectively.
Signiﬁcant decreases in bD , t, and b were observed in the
CaHH group [Fig. 3(c)e(e)]. However, no signiﬁcant differ-
ences were observed in the CaLL group for these parame-
ters. We tenatively conclude that the changes in bD , t, and
b in the CaLH group result from the increase in divalent cal-
cium ion concentration as opposed to repeated testing
since the CaLH increases were signiﬁcantly larger than
the CaHH increases due to repeated testing.
Stresserelaxation proceeded faster at higher ionic con-
centrations than at lower ionic concentrations for both cat-
ion species as shown by the decreases in bD and t (Fig. 3
and Table II). Previous research shows that increasing ionic
strength results in both a decrease in aggrecan stiffness4
Table II
Stresserelaxation results
Group Test Peak stress [kPa] Equilibrium stress [kPa] bD [s] t [s] b [e]
NaLL First 1063 49 451 15 4.51 0.19 3.13 0.15 0.62 0.02
Second 973 20 423 7 4.38 0.25 3.00 0.25 0.61 0.02
NaLH First 1001 42 425 11 3.99 0.24 2.45 0.17 0.57 0.02
Second 962 23 379 3 3.19 0.18 1.64 0.10 0.51 0.01
NaHH First 964 106 419 28 3.96 0.44 1.98 0.21 0.50 0.02
Second 845 91 367 9 3.34 0.30 1.31 0.20 0.44 0.02
CaLL First 871 46 366 10 3.93 0.41 2.21 0.34 0.53 0.02
Second 801 9 359 4 3.53 0.26 1.79 0.23 0.50 0.02
CaLH First 781 38 376 6 3.72 0.28 2.16 0.19 0.56 0.02
Second 699 18 366 5 2.97 0.18 1.13 0.12 0.44 0.01
CaHH First 791 50 381 8 3.75 0.37 2.22 0.23 0.57 0.03
Second 709 19 372 4 3.02 0.24 1.20 0.14 0.45 0.02
673Osteoarthritis and Cartilage Vol. 17, No. 5and an increase in intermolecular aggrecan friction6. The
presently observed changes in bD and t likely result from
decreases in aggrecan stiffness, since increases in intermo-
lecular friction would slow stresserelaxation11. Polymer dy-
namics theory predicts faster stresserelaxation with
decreased molecular stiffness, and these data are consis-
tent with polymer dynamics as a ﬂow-independent mecha-
nism of cartilage viscoelasticity. Polymer stresserelaxation
proceeds faster for more compliant polymers because the
increased molecular mobility associated with decreased
stiffness allows faster equilibration to an applied
deformation.LL LH HH
S
t
o
r
a
g
e
 
M
o
d
u
l
u
s
 
[
M
P
a
] *
LL LH HH
S
t
o
r
a
g
e
 
M
o
d
u
l
u
s
 
[
M
P
a
]
0
10
12
14 *
*
p<0.01
LL
10
15
*
*
p<0.01
0
1
2
3
4
5
6
2
4
6
8
0
5
a b
c d
0.01 Hz
1 Hz
Fig. 4. Cyclical loading results, storage modulus. (a) 0.01 Hz, (b) 0.1 Hz, (c
were observed at all frequencies for the NaLH group (all P< 0.01). Signiﬁ
cies greater than 0.1 Hz. Non-parametric statistical analysis indicated that
control samples (all P< 0.01). No signiﬁcant storage moduWe observed decreases in bwith increases in ion concen-
tration for both cation species [Fig. 3(e)]. Theory predicts that
changes in b may result from changes in the speciﬁc type of
polymer motion, with decreased b values associated with in-
creasing entanglement molecular weight13. The observed
decreases in b with increased ion concentration are consis-
tent with the hypothesis that aggrecan structural changes
resulted in increased entanglement, which is possible
considering the known decrease in aggrecan stiffness with
increased ion concentration4.
Divalent calcium and monovalent sodium had different ef-
fects on the peak and equilibrium stresses [Fig. 3(a) and*
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cant differences were also observed in the NaLL group at frequen-
the NaLH decreases were greater than those observed in the NaLL
lus differences were observed in any CaCl2 groups.
Table III
Storage modulus results
[MPa] Loading frequency [Hz]
Group Test 0.01 0.1 1 10 20
NaLL First 4.98 0.50 10.49 1.07 12.87 1.28 14.55 1.38 15.41 1.44
Second 4.41 0.41 9.50 0.92 11.84 1.11 13.76 1.22 14.49 1.14
NaLH First 4.76 0.41 10.09 0.45 12.46 0.50 14.22 0.55 15.05 0.59
Second 3.64 0.24 7.12 0.21 8.82 0.23 10.47 0.25 11.27 0.24
NaHH First 3.07 0.15 6.39 0.30 7.85 0.42 9.00 0.51 9.72 0.59
Second 2.98 0.37 6.11 0.53 7.59 0.65 8.99 0.80 9.80 0.87
CaLL First 3.18 0.32 5.47 0.51 6.65 0.60 7.84 0.66 8.49 0.70
Second 2.86 0.17 4.99 0.19 6.21 0.21 7.55 0.25 8.20 0.22
CaLH First 2.81 0.28 4.69 0.38 5.72 0.42 6.76 0.49 7.27 0.56
Second 2.67 0.12 4.19 0.18 5.05 0.20 5.81 0.49 6.19 0.24
CaHH First 2.54 0.09 4.05 0.10 4.81 0.15 5.49 0.19 5.85 0.18
Second 2.52 0.08 4.09 0.14 4.98 0.19 5.80 0.22 6.21 0.24
674 R. K. June et al.: Cations and cartilage stresserelaxation(b)]. Increasing monovalent sodium concentration resulted
in a decreased equilibrium stress and unchanged peak
stress while increasing divalent calcium concentration re-
sulted in decreased peak stress but unchanged equilibrium
stress. The aggrecan-related portion of the equilibrium
stress has been attributed to repulsive electrostatic interac-
tions between glycosaminoglycan (GAG) chains4,5. Mono-
valent cations have longer Debye lengths than divalent
cations, explaining why sodium better screens the equilib-
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suggests that the aggrecan structural change induced by0
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Fig. 6. Mass data as a measure of tissue hydration. No signiﬁcant
changes in tissue mass were observed in any of the sodium
groups, but small changes were observed in all calcium groups
(CaLL, P< 0.01; CaLH, P< 0.01, CaHH, P¼ 0.04). For the CaLH
group, the relative mass change was 2.10 0.34%, but the relative
t change was 49.6 27.3%, suggesting that the changes in t are
independent of changes in water content.
675Osteoarthritis and Cartilage Vol. 17, No. 5divalent calcium results in a greater tissue-level dissipative
effect than that which may be induced by monovalent so-
dium concentration increases. However, aggrecan-inde-
pendent effects may also be involved, and further studies
are required to evaluate these effects.
Monovalent sodium concentration increases resulted in
signiﬁcant decreases in the storage modulus at all testing
frequencies (Fig. 4). At frequencies of 0.1 Hz and greater,
the NaLL group also exhibited signiﬁcant decreases in stor-
age modulus upon repeat testing. However, the observed
signiﬁcant decreases in the NaLH group are supported
both by their observed statistically signiﬁcant difference rel-
ative to the NaLL group and by the absence of effects in the
NaHH groups. The storage modulus is an in-phase mea-
sure of tissue stiffness, and the observed decreases inTable I
Loss modulus
[MPa]
Group Test 0.01 0.1
NaLL First 3.97 0.34 3.19 0.34
Second 3.56 0.34 3.07 0.28
NaLH First 3.68 0.13 3.14 0.11
Second 2.79 0.07 2.20 0.04
NaHH First 2.56 0.13 1.94 0.15
Second 2.48 0.13 1.92 0.15
CaLL First 2.16 0.22 1.55 0.12
Second 1.99 0.06 1.56 0.07
CaLH First 1.79 0.15 1.36 0.08
Second 1.51 0.15 1.16 0.03
CaHH First 1.47 0.09 1.10 0.04
Second 1.58 0.08 1.21 0.06response to monovalent sodium increase are supportive
of electrostatic interactions in tissue-level mechanical be-
havior because of the decrease in Debye length associated
with increased ionic concentration23. Furthermore, the ob-
servation of decreased tissue stiffness in association with
decreased aggrecan stiffness is consistent with polymer dy-
namics predictions11, supporting polymer mechanisms in
cartilage mechanical behavior.
The differential effects of sodium and calcium cations are
evident in the loss modulus data (Fig. 5). Increasing the
concentration of monovalent sodium resulted in decreases
in the low-frequency (0.1 Hz and lower) loss modulus, while
divalent calcium increases led to decreases at 0.1 Hz and
higher. These data suggest that the aggrecan structural
changes may vary with cation valence. In conjunction with
the aforementioned peak stress changes, one interpretation
is that the calcium-induced aggrecan conformation change
results in increased load on the covalently cross-linked col-
lagen network thus decreasing the dissipative contributions
from the proteoglycan aggregate. However, additional ex-
periments are required to conﬁrm this.
Changing solution ion concentration may alter cartilage
stresserelaxation due to interstitial ﬂuid ﬂow, which could
confound the ﬂow-independent interpretation presented
herein. The time constant for stresserelaxation of a ﬂuid-
ﬁlled cylinder in unconﬁned compression24 is determined
by the hydraulic permeability, k, the tensile equilibrium
aggregate modulus, Hþa, and the sample radius, r
25:
tFlow ¼ r
2
Hþak
ð3Þ
Previous research suggests that k decreases upon in-
crease in NaCl concentration for 18-month bovine speci-
mens26. Using previously determined values of Hþa
25 and
k26, tFlow was estimated using the measured radii for the
NaLH group (Table V). The values of bD and t are substan-
tially smaller than tFlow. Although it is impossible to exclude
ﬂuid ﬂow, these estimates suggest that ﬂuid ﬂow occurs on
a longer timescale than the dynamics observed in these ex-
periments. In addition, the observation that the relative
changes in t and bD were much larger than the relative
changes in tissue mass (a surrogate hydration measure)
suggests that changes in stresserelaxation dynamics are
not strongly dependent on tissue hydration and may result
from the experimentally induced changes in cation
concentration.V
results
Loading Frequency [Hz]
1 10 20
1.79 0.12 1.84 0.12 2.21 0.16
1.85 0.10 1.89 0.09 2.23 0.11
1.80 0.05 1.88 0.06 2.28 0.09
1.53 0.03 1.90 0.04 2.31 0.09
1.20 0.10 1.46 0.12 1.83 0.15
1.35 0.10 1.65 0.13 1.98 0.13
1.14 0.07 1.46 0.08 1.76 0.11
1.23 0.04 1.56 0.04 1.86 0.08
1.01 0.01 1.30 0.10 1.57 0.12
0.79 0.01 0.98 0.03 1.20 0.04
0.75 0.02 0.95 0.02 1.18 0.04
0.83 0.03 1.02 0.03 1.27 0.05
Table V
The estimated time constants for fluid flow are smaller than the pres-
ently observed values of t and bD . tFlow was estimated based on
hydraulic permeability values30 of 3.03 and 2.38 1015 m4(N s)1
for 0.15 and 2 MNaCl, respectively and tensile aggregatemodulus25
of 13.2 MPa from Eq. (2). These estimates suggest that the effects
observed in these experiments are independent of fluid flow
NaLH group t [s] bD [s] Flow t [s]
0.15 M 2.45 0.17 3.99 0.24 71.0 0.6
2 M 1.64 0.10 3.19 0.18 90.7 0.3
676 R. K. June et al.: Cations and cartilage stresserelaxationThis study demonstrated that changing the solution cation
concentration and valence has effects on cartilage
viscoelastic properties. Previous research demonstrates
that aggrecan stiffness changes with solution cation concen-
tration4, and this study demonstrated that changes in
solution cation concentration result in changes in tissue-level
stresserelaxation properties. Together, these studies
support the interpretation that aggrecan stiffness is important
in tissue-level cartilage mechanics, consistent with the
theory of polymer dynamics as a mechanism of ﬂow-
independent, or matrix, viscoelasticity. These data, in
conjunction with previous studies, present a complex picture
of cartilage mechanics that involves electrostatic interac-
tions4,27, ﬂuid pressurization28,29, polymer motion and
interaction (present study), and potentially unknown
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